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Following this, other mutations were reported in limb girdle muscular dystrophy with atrioventricular conduction defects (LGMD1B; OMIM #159001) 2 and a conduction system disease with dilated cardiomyopathy (CMD1A; OMIM #115200). 3 These disorders are reminiscent of EDMD2, with a predominance of skeletal and cardiac symptoms, respectively, but lacking the early contractures of large joints typical of EDMD. Four more entirely different phenotypes can also be caused by the LMNA gene: (a) partial lipodystrophy (FPLP; OMIM #151660), 4 (b) an autosomal recessive variant of Charcot-Marie-Tooth disorder type 2 (CMT2B1; OMIM #605588), 5 (c) mandibuloacral dysplasia (MAD; OMIM #248370) 6 and (d) Hutchinson-Gilford progeria syndrome (HGPS; OMIM #176670). 7 To date, more than 30 mutations have been reported to be associated with the muscular dystrophy phenotype. The majority of these mutations are missense substitutions, but a single case each of a nonsense substitution and a splice site mutation as well as a few small deletions are on record (Leiden Muscular Dystrophy pages, www.dmd.nl). Very recently, reports on mutations that activate cryptic splice sites have been found in the Hutchinson-Gilford progeria syndrome. 7 8 Here, we report on a synonymous codon change in the LMNA gene, which leads to abnormal splicing and is likely to cause LGMD1B in a large German pedigree. Such ''neutral'' synonymous codon changes leading to splicing disorganisation have been described for the hexoseaminidase A, 9 calpain 3, 10 FGFR2 11 and fibrillin-1 genes. 12 Here, we present evidence that the replacement of the last nucleotide in exon 2 of the LMNA gene (c.513GRA) leads to partial skipping of the canonical 5' splice site in intron 2 and the alternative use of a cryptic GT donor site within that intron. Our findings again stress the need to interpret such apparently ''neutral'' nucleotide changes with caution.
MATERIALS AND METHODS
The family described is of German descent, and there is no consanguinity. The father of the index patient was probably affected, but was not examined by us. He died at the age of 48 years from cardiac complications. Three sisters and the patient's son showed similar symptoms of mild muscle weakness, cardiac abnormalities, and hyperlordosis; one brother and the daughter of the index patient were not affected. The pedigree analysis is compatible with an autosomal dominant trait of inheritance. The index patient had normal developmental milestones, and did not complain of muscle weakness during childhood. Symptoms at onset, at the age of 14 years, were mild proximal weakness during longer walks. At first examination by us at at the age of 56 years, there was a moderate proximal weakness of 4/5 on the MRC muscle strength grading scale in the biceps brachii and quadriceps muscles. The patient showed mild scapular winging and walked with hyperlordosis. No contractures of muscles and joints or severe muscle atrophy were detectable. Creatine kinase levels were normal on several occasions. The index patient (aged 56 years and three sisters (one aged 51 years, two aged 54 years) had cardiac pacemakers implanted because of conduction defects. Electromyographic findings of affected muscles were compatible with chronic myopathy. A diagnostic muscle biopsy was performed and showed a mild degenerative myopathy without inflammatory, specific structural or neurogenic changes on standard histological examinations.
The index patient approached us for genetic analysis. Additionally, four other members of the family (three affected and one non-affected) (fig 1) allowed testing for the synonymous codon substitution observed in the index patient.
METHODS

Mutation screening
Leukocyte DNA of the index patient was screened for mutations in the LMNA gene. All 12 exons of the gene, including the exon/intron splice sites, were amplified by PCR and directly sequenced by the CEQ2000 Dye Terminator Cycle 
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Sequencing with Quick Start Kit (Beckman Coulter, Krefeld, Germany). The primers used for amplification and sequencing of exon 2 were: forward 5'-GACTCCTTCTCTTAAATCTA CTCTCC-3' and reverse 5'-GGGAGGGCCTAGGTAGAAGA-3'.
Reverse transcriptase-polymerase chain reaction Total RNA was extracted from a fresh blood sample of the index patient to check the effect of the detected synonymous codon change at the mRNA level. Reverse transcription was performed with Superscript (Invitrogen, Karlsruhe, Germany) and a standard oligo-dT primer, using the manufacturer's protocol. cDNA was amplified with primers in exon 2 (2forward 5'-GGAGGGTGACCTGATAGCTG-3') and in exon 3 (3reverse 5'-GTCCAGTTCCTCCTTCATGG-3'). The obtained two amplification fragments ( fig 2B) were cloned using the TOPO TA cloning kit (Invitrogen) and sequenced with the same primers as in the amplification reaction.
We checked 100 control chromosomes for the observed base substitution by single strand conformation analysis.
RESULTS AND DISCUSSION
All twelve exons and the flanking intronic sequences of the LMNA gene were screened for mutations in the index patient by direct sequencing. The only genomic sequence variation we detected (fig 2A) was an apparently silent third position codon change in exon 2: c.513GRA, Lys(AAG)171Lys(AAA). Four additional family members, three affected and one nonaffected, were available to study the segregation of this codon change in the family. All affected members were heterozygous for the substitution in exon 2 as was the index patient himself. The non-affected individual did not carry this nucleotide change (fig 1) nor was the sequence change found in DNA from 50 control individuals.
Because the mutation affected the last nucleotide of exon 2, we speculated that it could possibly affect the splicing efficiency. Reverse transcription was performed on leukocyte mRNA from the index patient, and cDNA was amplified with primers in exon 2 and 3, in order to surround the region of suspected splice alterations. A larger than normal transcription product was observed at about 25% the intensity of the normal one ( fig 2B) . The corresponding PCR fragments were cloned and sequenced. The results obtained for the abnormally sized fragment showed that 45 nucleotides from intron 2 were included in the cDNA sequence between exon 2 and exon 3 ( fig 2C) . Thus, an additional 15 amino acids (VRPPCRAHPWPHLTH) are inserted into the protein. This is likely to change the protein conformation dramatically. In leukocytes, this substitution reduces the splicing efficiency of the intron 2 splice donor site and leads to partial use of a cryptic splice site 45 nucleotides downstream in intron 2. From a comprehensive survey of primate genes, a splice site consensus sequence has been derived (AGgtaagt), and the relative impact of all nucleotide positions involved (5'R -2, -1, +1, +2, +3, +4, +5, +6R3') has been calculated to give a ''consensus value'' (CV) 13 14 , which allows for an estimate of the relative splicing efficiency for any deviation from the consensus sequence. In our case, the calculated CVs for the normal splice site (CVN) and for the mutant splice site (CVM) were 0.921 and 0.797 respectively. The CV of the activated cryptic splice site (CVA) was 0.555. As our mutation affects the -1 position of the consensus sequence, it is expected to have a dramatic effect on the splicing mechanism.
There are several pieces of evidence that support the notion that this mutation causes limb girdle muscular dystrophy in this family. First, it segregates with the disease in the available pedigree branch, which is compatible with autosomal dominant transmission. Secondly, cDNA from leukocytes showed two transcription products, one normal and one larger, demonstrating that some abnormal splicing had occurred. The base substitution in the last nucleotide of exon 2 partially blocks the GT donor splice site of intron 2, Figure 1 The pedigree of the studied family with limb girdle muscular dystrophy type 1B. The index patient is indicated by an arrow. The genotype of each proband is provided under the symbol: mut, mutant; wt, wild type. causing the first GT dinucleotide that follows along the intronic sequence to be recognised, and splicing is performed there. Given the relative abundance of this transcript it is possible that sufficient aberrant protein is produced to cause the disease. Thirdly, the sequence variant was not found in 100 control chromosomes and is, therefore, unlikely to be a polymorphism.
Lamin A/C mutations cause a wide range of clinical phenotypes. 15 While classical EDMD presents with early contractures, cardiomyopathy with conduction defects and muscle weakness, oligosymptomatic phenotypes have been described as ''pure'' cardiomyopathies (CMD1) or limb girdle muscular dystrophies with conduction disturbances (LGMD1B). Notably, contractures were absent in our patient and affected family members. Moreover, symptoms of muscular dystrophy started in early adulthood with mild limb girdle weakness, showed little progress, and did not lead to a loss of ambulation up to the seventh decade. The dominant and presenting symptom in all affected family members was cardiomyopathy with conduction defects, requiring pacemaker implantation in the fifth decade of life. LMNA mutations in pedigrees with a similar phenotype (LGMD1B) have been described previously. Interestingly, in one of three families, a splicing defect of lamin A/C was detected, while the others showed missense mutations. 2 Our results add more data regarding apparently ''neutral'' mutations in the human genome. Possibly, they are not such rare events as the few published reports suggest. [7] [8] [9] [10] [11] [12] Before considering them as neutral or non-pathogenic polymorphisms,their impact on mRNA processing should be assessed. 
